We demonstrate a comb-calibrated frequency-modulated continuous-wave laser detection and ranging (FMCW ladar) system for absolute distance measurements. The FMCW ladar uses a compact external cavity laser that is swept quasi-sinusoidally over 1 THz at a 1 kHz rate. The system simultaneously records the heterodyne FMCW ladar signal and the instantaneous laser frequency at sweep rates up to 3400 THz∕s, as measured against a freerunning frequency comb (femtosecond fiber laser). Demodulation of the ladar signal against the instantaneous laser frequency yields the range to the target with 1 ms update rates, bandwidth-limited 130 μm resolution and a ∼100 nm accuracy that is directly linked to the counted repetition rate of the comb. The precision is <100 nm at the 1 ms update rate and reaches ∼6 nm for a 100 ms average. , tight-formation flying of satellites and other applications benefiting from noncontact, high-resolution range measurements. However, it is challenging to realize an FMCW system that simultaneously provides both submicrometer accuracy/ precision and high measurement speed. Here, we demonstrate a frequency-comb-calibrated FMCW ladar that achieves both. Moreover, the comb calibration provides the high accuracy characteristic of comb-based systems [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] while simultaneously retaining the capability of an FMCW ladar to operate at very low return powers, down to 20 fW here, allowing for ranging to a diffusely scattering surface without the need for an attached reflector. This opens up a much broader range of manufacturing applications than in previous comb-based ranging systems. In FMCW ladar, a tunable CW laser's output frequency is swept linearly with time. The light is reflected off a surface at range R, collected, and heterodyned against the undelayed laser output. Because of the round-trip time delay of τ 2R∕c, the frequency of the reflected and undelayed light differ by f FMCW α × τ 2α∕c × R, where α is the laser's sweep rate and c is the speed of light in air. Therefore, the frequency spectrum of the detected heterodyne signal, rescaled by c∕2α, yields a peak at the measured range. The resolution, or width, of this range signal is ΔR ≈ c∕2B, where B is the optical sweep bandwidth. Since optical bandwidths can be large (∼1 THz here) [4, 5] , the resolution is far superior to other ladars. Furthermore, coherent detection leads to a nearly shot-noise limited signal-to-noise ratio (SNR) and extremely high range precision of ∼ΔR∕SNR in the ideal case.
Frequency-modulated continuous-wave laser detection and ranging (FMCW ladar), and the closely related frequency-swept interferometry, can measure absolute distance to diffuse reflectors at large standoff distances [1] [2] [3] with submicrometer precision [4, 5] . As such, FMCW systems are of interest for precision manufacturing, inspection, large-scale manufacturing [3] , tight-formation flying of satellites and other applications benefiting from noncontact, high-resolution range measurements. However, it is challenging to realize an FMCW system that simultaneously provides both submicrometer accuracy/ precision and high measurement speed. Here, we demonstrate a frequency-comb-calibrated FMCW ladar that achieves both. Moreover, the comb calibration provides the high accuracy characteristic of comb-based systems [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] while simultaneously retaining the capability of an FMCW ladar to operate at very low return powers, down to 20 fW here, allowing for ranging to a diffusely scattering surface without the need for an attached reflector. This opens up a much broader range of manufacturing applications than in previous comb-based ranging systems.
In FMCW ladar, a tunable CW laser's output frequency is swept linearly with time. The light is reflected off a surface at range R, collected, and heterodyned against the undelayed laser output. Because of the round-trip time delay of τ 2R∕c, the frequency of the reflected and undelayed light differ by f FMCW α × τ 2α∕c × R, where α is the laser's sweep rate and c is the speed of light in air. Therefore, the frequency spectrum of the detected heterodyne signal, rescaled by c∕2α, yields a peak at the measured range. The resolution, or width, of this range signal is ΔR ≈ c∕2B, where B is the optical sweep bandwidth. Since optical bandwidths can be large (∼1 THz here) [4, 5] , the resolution is far superior to other ladars. Furthermore, coherent detection leads to a nearly shot-noise limited signal-to-noise ratio (SNR) and extremely high range precision of ∼ΔR∕SNR in the ideal case.
To simultaneously reach high-accuracy, high-precision and high-measurement speed, the ladar's tunable laser must sweep across a broad optical bandwidth B at a rapid yet linear calibrated rate α, which is impossible with free-running tunable lasers. Therefore, researchers have linearized the output of the tunable laser using a reference interferometer [1] [2] [3] [4] [5] 16, 17] either actively or passively. Active linearization through feedback to the tunable laser is challenging at large B and α because of rising excess laser noise [18] and rising required feedback bandwidth. Passive linearization, by sampling the heterodyne signal at equal frequency steps, avoids these issues but is still limited by the stability and dispersion of the reference interferometer. Even with excellent temperature control, vibration isolation, humidity control, polarization control, and appropriate dispersion management [17] , interferometers are hard-pressed to maintain ppm accuracies over a day [16] .
Here, we instead reference the tunable laser to a frequency comb from a femtosecond fiber laser [19] [20] [21] . Counting the comb's repetition rate in real time both suppresses environmental sensitivity and calibrates the measured range continuously against an rf frequency standard, which easily reaches 10 −8 accuracy. Frequency combs have been incorporated in a variety of ranging systems already because of their accuracy and precision [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Comb-calibrated FMCW ladar retains the highaccuracy, precision, and speed of comb-based systems, but also adds the critical ability to operate at extremely low return powers from distant, diffusely scattering surfaces.
The experimental setup is depicted in Fig. 1(a) . The tunable CW laser is a microelectromechanical system (MEMS)-based external cavity diode laser (ECL) [22] operating around 1560 nm, driven by a quasi-sinusoidal frequency modulation at f m ≈ 1 kHz over a bandwidth B ≈ 1 THz, yielding an output frequency of ν ECL t ≈ ν 0 B∕2 cos2πf m t, and a sweep rate of at ≈ −πf m B sin2πf m t ≈ −3.14 × 10 15 sin2πf m t Hz∕s. Sweep nonlinearities lead to actual instantaneous sweep rates up to 3.4 × 10 15 Hz∕s. Most ECL light (90%) is directed to the FMCW ladar branch. The remaining 10% is combined with the output from a free-running, 200 MHz femtosecond fiber laser [11] . As the ECL frequency is swept across the comb teeth, the resulting heterodyne frequency is recorded simultaneously with the ladar signal. At the 200 MHz repetition rate, the system can track ν ECL at rates αt up to ∼10 16 Hz∕s, four times above [21] . The stored signals are processed offline, although realtime processing is under development. In the processing, the ECL-comb heterodyne frequency is first unwrapped with respect to the 200 MHz comb spacing and smoothed over a 200 ns window to yield ν ECL t − ν 0 [ Fig. 1(c) ]. The recorded ladar signal is then resampled at evenly spaced ECL frequency steps, Fourier transformed, and rescaled by c∕2 to give the range measurement of Figs. 1(d) and 1(e). [Because τ ≪ 1∕f m R ≪ 150 km, f FMCW t αt × 2R∕c with negligible error.] A single range measurement is reported as the average across an upward (α > 0) and downward (α < 0) sweep to cancel Dopplerrelated systematics discussed later, and therefore takes 1 ms 1∕f m .
The femtosecond-fiber laser's repetition rate (or comb tooth spacing) is counted at 1 s gate times and serves as the ruler against which αt, and therefore R, is calibrated. As in [11] , we use a free-running femtosecond laser with a simple linear-cavity, saturable-absorber-based design. This approach avoids the complexity of a selfreferenced, stabilized comb, but any noise in the comb's offset frequency will be incorrectly attributed to α, leading to scatter in the measured range over time. To establish an upper bound on this uncertainty, we measured the frequency noise on a single comb tooth by heterodyning it against a cavity-stabilized reference laser. The resulting frequency noise power spectral density, S ν f is converted to an effective uncertainty on α through σ 2 α 0.5
where T 1∕2f m 0.5 ms and the 0.5 prefactor reflects averaging over upward and downward sweeps. From the measured frequency noise, the fractional uncertainty on the sweep rate, and therefore the range, is σ α ∕hαti ≤ 1 × 10 −7 , dominated by the reference laser's excess frequency noise.
The accuracy of our ladar is evaluated by comparison to a CW laser interferometer across a 1 m range with the configuration shown in Fig. 1(a) . An arbitrary range offset exists because of the different optical paths of the ladar and interferometer, and has been removed. The standard deviation of their range difference is 80 nm [see Fig. 2(a) ], which we attribute partly to the 25 nm ladar uncertainty [at 10 ms averaging times, see Fig. 2(b) ], partly to the CW interferometer accuracy, and partly to a position dependent misalignment in the relative optical paths. Figure 2(b) shows the statistical uncertainty (or precision) versus averaging time. At the minimum 1 ms update time the precision is 50-100 nm, which is attributed to a combination of the comb's offset frequency noise (discussed above), the SNR, and true path variations. At an averaging time of 100 ms, the precision drops to 6 nm, at which level any absolute measurement will be limited by the knowledge of the air's group refractive index [14] . The long-term stability is ∼55 nm over 70 min as measured at 0.5 m range and 10 ms averaging time. The data of Fig. 2 were acquired with specular reflections and ∼4 μW return power. However, this system can also measure range to a diffusely scattering target as shown in Fig. 1 . Here, drifts in the fiber reference arm will add an offset to the absolute range that could be removed by ranging to a reference point (in contrast to FMCW lidar calibrated with a fiber interferometer where fiber-length drifts lead to scaling or fractional range error). Figure 3 shows the precision as a function of return power from this diffuse surface. Note that a return of 20 fW corresponds to 150 received photons in the ∼1 ms update interval. The precision does not improve beyond 1 nW return power because the SNR clamps at ∼57 dB per sweep [as in Fig. 1(d) ] due to spurious reflections in the fiber paths.
Despite its other advantages, FMCW ladar does suffer from range-Doppler ambiguity. The reflection from a surface moving at velocity, v, will be shifted by f Doppler 2v∕c × ν, where ν is the ladar optical frequency. For a single measurement across an upward (α > 0) or downward (α < 0) sweep, the resulting range error is δR v vν∕hαi [1] . Here, hαi ∼ 2Bf m ∼ 2 × 10 15 Hz∕s, and thus δR v ∼ 100 nm for v ∼ 1 μm∕s. Such a constant-velocity error is customarily canceled, as is done here, by averaging over the upward and downward sweep. However, for a constant acceleration, a, a systematic error of δR a aν∕8f 2 m B remains (note the inverse proportionality to f 2 m emphasizing the importance of a fast sweep for reasons other than a high data rate). For our values, δR a < 1 μm at a < 0.04 m∕s 2 . Appropriately weighted filtering over multiple measurements would drive δR a and higher-order motion-related systematics to zero but at reduced measurement speed and increased processing. A better solution is to incorporate a coaligned CW laser vibrometer that independently records the Doppler frequency, which is used to correct the ladar signal in processing.
In conclusion, we demonstrate a ranging system that combines the accuracy of a comb and the sensitivity of an FMCW ladar. The accuracy and precision are below the 100 ppb level where air-path fluctuations will limit most terrestrial measurement. The approach does not rely on an environmentally isolated reference interferometer. Instead, the combination of a femtosecond-fiber laser and frequency counter provides a continuous and accurate calibration signal 
